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2 It reconstitutes the hydrophilic properties of the extracellular matrix and mimics GAGs. In treated 21 cartilage, the IPN reinforces the compressive properties, decreases coefficient of friction and improves 22 wear resistance 13, 14 . However, the specific mechanism(s) behind the ability of the IPN to reconstitute 23 the functional properties of the cartilage requires further elucidation. 24
To understand the origin of the improved mechanical properties of cartilage after treatment with 25 the IPN, we are using finite element (FE) modeling. FE modeling is an established method to 26 distinguish and separate functional effects of the individual constituents from the mechanical behavior 27 of native and engineered tissue [15] [16] [17] . Moreover, when applied to interpenetrating polymeric materials, 28 such modeling enables elucidation of one network's mechanical effect over the other 18 . By modeling 29 articular cartilage as inhomogeneous and anisotropic as well as including many aspects of the real 30 tissue structure and composition, the contribution of individual structural changes to tissue function can 31 be traced using simulations, e.g., specifically how much change in dynamic stiffness is due to 32 degeneration of the collagen network. 33
Herein, we elucidate the mechanism(s) by which the IPN improves articular cartilage functional 34
properties. Specifically using FE modeling, we investigate the effect of the IPN on the fibrillar collagen 35 network, the nonfibrillar extracellular matrix (ECM), and the interstitial fluid flow. 36 37
Materials and methods

38
Osteochondral cylindrical plugs (n=22, 7 mm diameter) were cored from the femoral groove of 39 skeletally mature cows, obtained from a local slaughterhouse. During coring, tissue was irrigated with 40 0.9% saline. Only healthy tissues, i.e., no visible signs of superficial degradation, were harvested. 
Biomechanical measurements
51
Thickness measurements for strain calculation were performed via computed tomography at voxel 52 resolution of 36 µm 3 (µCT40, Scanco Medical AG, Brüttisellen, Switzerland) using an airtight sample 53 holder to maintain a humid environment to prevent tissue drying. The µCT data were converted to 54 DICOM format and thicknesses were computed using imaging software (Analyze 11.0, Mayo Clinic, 55
Rochester, MN). 56
Biomechanical measurements were conducted using a commercial testing device (BOSE 57
Electroforce 3200, BOSE Corporation, Eden Prairie, MN) with a 150 N load-cell (Honeywell, 58
Columbus, OH). Compressive testing was performed in unconfined geometry by subjecting 59 osteochondral plugs to a four-step stress-relaxation procedure using 5% strain/step at a compression 60 rate of 5 µm/s against a non-porous ultra-high-molecular-weight polyethylene platen. The sample was 61 secured in a saline-filled chamber and a pre-load (5 N) was applied to establish complete contact 62 between the plug's articular surface and the rigid opposing platen. Following a dwell period (1000 s) to 63 allow relaxation from the pre-load, four incremental compression steps were applied with 45 minute 64 (40 w/v% IPN) and 75 min (others) dwell intervals between successive steps to allow stress and 60 w/v% (N=8, 4 degraded) along with crosslinker ethylene glycol dimethacrylate (EGDMA) at 73 concentrations of 1.3 µl/ml, 2.6 µl/ml, and 3.8 µl/ml, respectively 13 . The plugs were removed from 74 solution, irradiated with green laser light (514 nm, 500 mW/cm2, 10 mins) to create the IPN, and rinsed 75 in saline to wash out residual non-reacted monomer. Uniaxial stress-relaxation compression tests were 76 repeated to evaluate the mechanical effect of IPN. 77
Finite element analysis The FE meshes consisted of 300 linear axisymmetric pore pressure continuum elements. 84
Sensitivity of the element size was tested using 4 measurements: element drop from 4000 to 300 caused 85 <1% difference in reaction force while computation time dropped an average by 93.6% from 460s to 86 29s. The following boundary conditions were applied: the cartilage-bone interface was fixed in all 87 directions, the cartilage edges were assumed to be fully permeable (zero pore pressure) and the contactM A N U S C R I P T
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5 between the platen and cartilage was assumed to be impermeable. At the axis of symmetry, lateral 89 displacements were prevented and fluid was not allowed to penetrate this boundary. 90
In order to obtain unique material parameters from the model fits, the damping coefficient of 91 the viscoelastic fibrils (η) was set to constant 947 MPa s, Poisson's ratio of the nonfibrillar matrix was 92 fixed to 0.48 and initial water fraction was set to constant 78% [21] [22] [23] [24] . Five parameters were optimized by 93 minimizing the mean squared error between the experimental and the FE model derived stress-94 relaxation curves using Matlab's (R2016b, The MathWorks, Inc., Natick, MA) built-in minimum search 95 algorithm (fminsearch) in combination with Abaqus ( Fig. 2 ): initial and strain-dependent fibril network 96 modulus (E f 0 , E f ε , respectively), nonfibrillar ECM modulus (E nf ), initial permeability (k 0 ) and strain-97 dependent permeability factor (M). Using the optimized material parameters, the 4 step stress-98 relaxation tests for each plug were replicated using constant displacement step times (10 s 
Results
106
The FE model derived stress-relaxation curves replicated well the experimental data ( Table 1 ). Significant differences in the optimized model parameters (P<0.05) from pre-treatment to 109 post-treatment were seen in both normal and degraded samples ( In FE simulations, IPN treatment significantly increased contact pressures 76% (P=0.0006), 119 70% (P=0.000004), and 140% (P=0.00008) for the 20, 40, and 60 w/v% treatment groups, respectively 120 (Table 1) . Also, average pore pressure increased significantly 42% (P=0. periods in the stress-curves (Fig. 3) . These observed mechanical effects are a consequence of the 138 chemical structure of the interpenetrating polymer being zwitterionic and hydrophilic. We propose that 139 the IPN functionally mimics GAGs by imparting fixed charges that attract and retard the motion of 140 throughout the cartilage tissue 13 . When IPN treated cartilage extracellular tissue was digested with 157 papain, a clear and cohesive homogeneous hydrogel was present. If the gel was present only as a 158 discontiguous phase, then it would not have yielded a cohesive hydrogel upon this treatment but rather 159 would crumble into many small gel particulates. The particular structure of the polymer was designed 160 to mimic the GAG's via the coordination of water molecules to the MPC. It will be fundamentally 161 important to further examine the interaction of the hydrogel with the solid matrix in greater detail, to 162 determine the structure-function relationships of an isolated hydrogel, and to relate the 163 physicochemical properties and chemical composition to function. These studies will be the subject of 164 a separate future study. 165 IPN treatment stiffens the tissue and produces higher contact pressures during measurements 166 (Fig. 3, Fig. 4, Table 1 ). Average contact and pore pressure values, derived from the models, are 167 significantly higher post-treatment in all IPN concentrations. However, the effect to the maximum IFLS 168 is the opposite. This is a result of the larger relative increase in the nonfibrillar matrix stiffness 169 compared to the decrease in the permeability, increasing the load support of the solid matrix. (Table 1,  229 Supplementary material 2) 13 . In degenerated and control samples, the contact pressure increases by 230 201% and 93%, pore pressure increases by 288% and 77%, E nf increases by 280% and 186%, and k 0 231 decreases by 67% and 38%, respectively. The increase in M and the decrease in maximum IFLS are 232 significant only for the degenerated samples. These results suggest that the more degraded cartilage 233 regions will receive the greatest benefit while the healthier regions will receive a small benefit upon a 234 single IPN treatment. Overall, this capability to homogenize the properties of the joint may be 235 beneficial, i.e., it would bring the properties of degraded areas up to the same level as the healthy areas 236
and not generate adjacent regions with significantly different mechanical properties and gradients. This 237 approach is in contrast to most scaffold-based cartilage replacement strategies were a single defect is 238 site-specifically repaired with resultant mismatched mechanical properties at the tissue-scaffold 239 interface and surrounding tissue areas 39, 40 . 240 : Mean values of pre-treatment (Pre) and post-treatment (Post) model parameters with 95% confidence intervals and statistical differences. E nf is the nonfibrillar matrix modulus, E f 0 the initial fibril network modulus, E f ε the strain-dependent fibril network modulus, k 0 the initial permeability, and M the permeability strain-dependency factor. ***P < 0.001, **P < 0.01, *P < 0.05 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT Table 1 : Mean values of preoperative (Pre) versus postoperative (Post) model parameters with 95% confidence intervals with healthy and chondroitinase degraded groups separated. Statistical differences in bold. CPress is the contact pressure, POR the pore pressure, and IFLS the interstitial fluid load support (Average = average over time, Maximum = average maximum IFLS after displacement).
